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Deflection of Neutral Molecules using the Nonresonant Dipole Force
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The ac Stark shift produced by nonresonant radiation creates a potential minimum for a ground state
molecule at the position where the laser intensity is maximum. The gradient of this potential exerts
a force on the molecule. We experimentally observe this force when a beam,om@i8cules is
redirected by sending it through the intensity gradient near the focus of a laser beam. We trace the
direction of the molecules in the molecular beam, showing that the molecules that pass near the center
of the high intensity laser beam will focus.  [S0031-9007(97)04209-9]

PACS numbers: 42.50.Vk, 33.80.Ps, 51.70.+f

The use of laser light to manipulate and control thethan the forces induced on atoms by standard continuous-
position and velocity of electrons [1], atoms [2], and wave laser beams. This allows manipulation of molecules
microscopic particles [3,4] is a subject of intense activitywithout laser cooling [10].
in physics and biology. The manipulation of atoms in the For experimental convenience, we use a molecular beam
gas phase is based on either the scattering force, exploitéd produce molecules that are translationally cold in the
in most laser cooling techniques [5], or the induced dipoladirection perpendicular to the jet axis. Our experiment
force. In the latter case a dipole moment is induced in thés designed to observe changes in the transverse velocity
atom using a near-resonant continuous-wave laser beaideflection) against this very cold background. We will
The polarized atoms experience a force that is proportionalhow potential well depths of about 7.0 meV, approxi-
to the spatial gradient of the laser intensity, which can bemately 4 orders of magnitude greater than the transverse
used, for instance, to focus [6] or trap them [5]. beam energyl10~¢ eV).

The powerful laser cooling and trapping techniques de- The schematic of the experimental layout is shown
veloped for atoms are not readily applicable to moleculesin Fig. 1. A pulsed beam of GSmolecules is formed
due to their complicated level structure and their weakby expanding a CSgas at~25 Torr, either buffered
transition moments for any given rovibrational transition.with 1 atm of neon or without the neon buffer, through
Consequently, laser manipulation and control of neutrah 250um-diameter nozzle into a time-of-flight (TOF)
particles beyond the atomic case has been restricted to bispectrometer with the molecular beam axis (thaxis)
logical molecules in solution [4] and small dielectric par- perpendicular to the TOF axis (tlyeaxis). The molecules
ticles [3]. Manipulation and control of molecules in the travel freely for~8 cm, after which they are crossed at
gas phase, however, remains a topic of great interest [7,890° by the focused beam from a pulsed (10 Hz) Nd:YAG

We use the nonresonant molecular polarizability to exertaser (A = 1.06 wm) propagating along the axis. The
an induced dipole force that modifies the trajectory ofduration of the YAG pulse is 14 ns (FWHM). We use
gas phase molecules. By sending a beam of molecules
through the focus of a laser beam oriented perpendicularly
to their direction of propagation, we observe a change of
the transverse velocity of the molecules. The velocity :
change is proportional to the spatial gradient of the laser i
intensity. We demonstrate that an intense laser beam car A
be used as a lens to focus the molecular beam. -4 csy

Using nonresonant polarizability and intense laser fields, 5?’
we solve two problems that have impeded the development

of molecular optics. First, we remove the restrictions 3em 3em MCP DETECTOR
caused by the dense level structure of the molecule by - > >

using far-off resonance radiation to induce a dipole force.

In this way, there is no critical dependence on the particular / l_ A_

level structure of the molecule. Therefore, our approach *®V - = s —

is applicable to all molecules (or atoms [9]). Second, y-axis

_by employing the intenge field from a pulsed I'asefr toFIG. 1. Schematic of the experimental arrangement of the
induce the molecular dipole moments, we obtain lighttarget chamber viewed in the direction of the laser beam
induced forces that are many orders of magnitude largge axis).
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laser pulses with energy in the range of 10 mJ. The laseass to restrict the probe volume to a region smaller than
beam is focused with an on-axis parabolic mirror to anthe YAG focal volume by adjusting the focal spot size as
wo = 7 um Gaussian focal spot giving a peak intensity well as the intensity of the CPM laser beam. Therefore,
of Iy ~ 9 X 10" W/cn? at 10 mJ. we can use the CPM laser to probe the spatial dependence
This laser field exerts an induced dipole force on theof the induced dipole force simply by moving its focus
CS, molecules, which causes a change in the velocity ofvith respect to the larger YAG focus.
the molecules. We measure the velocity change [11] along Examples of the relevant portions of three TOF spectra
the TOF axis—i.e., perpendicular to the molecular veloc-are shown in Fig. 2. Each spectrum is the average of 1000
ity before the interaction. To do this we multiphoton ionize shots. The central (full) curve, recorded without the YAG
the neutral molecules using a tightly focused femtoseconthser present, gives information on the initial velocity dis-
laser beam{A = 625 nm) and observe the distribution of tribution along they axis of the molecular beam. Since
flight times of the C$" ions from the interaction region to our velocity measurement is restricted to those molecules
the microchannel plate detector (illustrated in Figs. 1 andhat pass through the very small focal spot of the CPM
2). The TOF mass spectrometer [11] consisted of an adaser, we expect the distribution to be very narrow. In
celeration region defined by two plates and an equal lengtfact, simple line-of-sight arguments show that the initial
field-free drift region (Fig. 1). With this design, molecu- velocity spread along thg axis, Av)"", is determined by
lar ions with their transverse velocity component towardsAv}i,rlit = D/(I/vcs,), whereD = 250 pm is the diame-
the detector at the time of ionization arrive before zero+ter of the nozzle] = 8 cm is the distance from the nozzle
transverse velocity ions. Those initially deflected awayto the laser focus, andcs, is the longitudinal velocity of
from the detector arrive after zero-transverse velocity ionsthe CS molecules. For the unbuffered (buffered) expan-
The 80 femtosecond duration pulses, originating fromsion we measuredcs, = 450 (800 m/s). At this veloc-
a 10 Hz amplified colliding pulse mode-locked (CPM) ity, the CS molecules therefore have a transverse velocity
laser, contain 0.66.J per pulse and are focused to a spotspread of~1.4 m/s (~2.5 m/s) equivalent to a kinetic
size wg ~ 2.5 wm that corresponds to a peak intensity energy of0.8 X 107 eV (2.5 X 107% eV). In Fig. 2 the
of 8 X 10'* W/cn?. To ensure that ionization occurred CS, molecules are not buffered with neon during the ex-
without the strong infrared pulse present, a 25 ns delapansion. The FWHM of the full peak~3.4 n9 corre-
is introduced between the YAG pulse and the CPM puls&sponds to ay-axis velocity spread o7.2 m/s, which is
(requiring a corresponding 1@m offset in the direction significantly larger than the expected value-ef.4 m/s.
of the molecular beam velocity in the position of their Thus, it provides a calibration of our ability to measure
focal spots for pure GS 20 um for CS buffered with  transverse velocities with the TOF spectrometer.
neon). The nonlinearity of multiphoton ionization allows The remaining two spectra in Fig. 2 were obtained for
molecules that transmit the focus of the YAG laser (peak
) o 2 . = .
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L T L They were obtained for molecules that pass approximately
1.0 3.5 um to the right of the center of the YAG focus
= | (dotted curve in Fig. 2) and to the left of the center of the
€ 08f YAG focus (dashed curve in Fig. 2), respectively. The
g molecules arriving earlier at the detector (dashes) have
ﬂ’ 06 acquired ay-axis velocity towards the microchannel plate
S detector [11]. Similarly, the molecules arriving later at the
g 04 detector (dots) have acquired a negatjwaxis velocity
w | component from the YAG laser pulse. As expected, the
© 02r laser-induced dipole force provides a central potential
deflecting the molecules towards the high intensity region.
00F o . . . By recording TOF spectra of molecules for several
550 560 570 580 590 600 positions of the CPM focus with respect to the YAG focus,

TIME OF FLIGHT (ns) we can measure the detailgetoordinate dependence of
FIG. 2. Portion of the time-of-flight spectrum showing the the_ v.elo-C|ty change [11], and th-erefore of the dipole force.
time of arrival of the undeflected beam (solid curve) andThis is implemented by scanning the YAG focus over a
the deflected beams (dashed and dotted curves). A schematiange of ~30 uwm while keeping the CPM focus fixed.
shows the relative placement of the focus of the deflecting laselh this way, the ions produced by the CPM laser always
(YAG) and the measurement laser (CPM). Deviations of theyriginate from the same spatial location, ensuring that the

arrival time of a deflected molecule from the arrival time of a b dch in the TOE i t d by th
zero transverse velocity molecule allow the transverse velocit Served changes in the Spectra aré not caused by the

to be measured. The horizontal scale shows both the flight timPosition of the ionizing laser inside the TOF spectrometer.
and the transverse velocity,. The results are displayed in Fig. 3, where the velocity shift
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15 . - ; - - - depths reached in continuous-wave studies on atoms are
i i about 1ueV [2,8].

We can approximately neglect alignment if we use
either circularly polarized light (where the molecule can
align only to a plane) or, linearly polarized light when
the orientational well depthlf, = 3(ey — a1)E?] is
smaller than the rotational energy. Althoug@h, should
be much greater than the estimated rotational temperature
(=5 K) [15] of our jet cooled molecules, alignment does
not play a significant role in our experiment. We reach this

PN . L conclusion by comparing the deflection with linearly and
A5 <10 5 0 5 10 15 circularly polarized light. If the molecules substantially
y-AXIS POSITION (pm) align with the field, the deflection should be greater with
FIG. 3. The shift in arrival timeAT induced by the dipole linearly polarized light since thebti = —%a”Eg andqj is
force and the associated transverse velocky, of the always larger than the averaged Figure 3 compares the

molecular beam plotted as a function of the position of the ; S Lo .
molecule that is probed in the focus of the deflecting lasef€SUlts obtained with linearly (solid circles) and circularly

beam. Data obtained with the deflection laser linearly polarizedopen circles) polarized light. The lack of alignment
is represented by the symb@; data obtained with circular may be due to our multilongitudinal mode YAG laser.

polarization is represented Ky. In both cases, the expansion Mode beating can produce transient spikes as short as

of CS, molecules was buffered with neon. The derivative of_30 ps which is comparable to or even shorter than the

the measured focal distribution of the deflecting laser beam is . .
also shown by the solid curve. 9 fotational periodr,,, of the CS molecules §,,c ~ 34 ps
for a rotational quantum numbef = 4). Under these
conditions alignment is not efficient [7]. By contrast, laser-

induced alignment has been reported [16] when temporally

VELOCITY SHIFT Ay, (m/s)
& o o >

-
o

of the center of the half maximum GSsignal is plotted as
a function of they coordinate of the YAG laser focus for smooth nanosecond laser pulses are used
both linear and circular polarizatiqn. The dispgrsionlike We now determine the maximum Stérk shit,|
[SIQ(?_p(eZ)?higv;ljsrotg(?rtti:)hnealf?(l;c'?hgclag::{:/gatgcg (\)/flt?](gn\/(:\gangﬁpm the experimental deflection data.. Since the induced
laser intensity profile (solid curve). (Deviations on theg'pOIi forﬁeF e>;]ertt:eq ona mqleculle IS r(]—:'qual ?VU’ f
right of Fig. 3 experimental data and tlyederivative of d: ( ) s ows that Is proportional to the gradient o

. ; X the intensity. The YAG beam can be approximated by
the intensity profile are due to space charge caused bg Gaussian intensitv distribution i .
S y distribution in both space and time:
ionization of CS by the YAG beam [12].) 7 1) = Iyexd—2(% + y2)/wd]exp(—4In 212/ 72)

Those molecules that pass near the center of the foc éx,y,z, OeX_ & ')/ @o]€X n ’
(within *wo/2) experience a displacement that causezWe probe neac = 0)'. Therefore, they comzponent of
them to meet at a common position; that is, the beani€ diPole f;)rca'fzy 'S given byF, = 2_4(2U0/“’0)y expx
will focus. The focal length of our molecular lens is 1~ 2[(ves, 1) + y7)/ wgrexd —4In(2:*/7%)], wherex has
approximately 23Qum, corresponding to a redirection of Peen replaced with-vcs,s to describe the motion of
the CS molecules through an angle of up to 0.9 he lens the molecules _along the axis. The experimentally
is thin since the size of the YAG beam is much smallertharﬂbsgrved velocity shifv, is related toF, by Av, =
the focal length. o | = Fy(t) dt yielding
We can estimate the magnitude of the potential well
produced by the laser field for the €8olecules. When J7 Uy
a molecule enters the YAG laser focus, a dipole moment®?y = ~ 4 V2 mwyves
is induced. This results in a Stark shift of the ground 1 ’
state of the molecule given by [13] X
\/ 1+ 2In2(2lbes

Ux,y,2,1) = —3aEX(x,y,2,1), (1)

whereE(x, y, z,t) is the space and time dependent pulsewherem is the mass of the deflected molecule. The dis-
envelope. Equation (1) includes a time average over onpersionlike shape of the data points in Fig. 3 is consistent
optical period and neglects alignment of the moleculewith the above expression farv,. For reference, we plot
by averaging over all angles[= (a| + 2a,)/3, where the derivative of the measured spatial profile of the YAG
«a),, is the polarizability parallel and perpendicular to beam on the same figure (determined by measuring a 20
the molecular axis]. Using the static polarizability [14], times magnified image of the focus).

Eq. (1) predicts a Stark shitfy, = 10 meV at the center The maximum Stark shift/, can be estimated from

of the laser focus and at the peak of a laser pulse witthe experimental measurements. Solving Eq. (2)Ugr

I =9 X 10" W/cm?. In comparison, typical potential aty = wg/2, where the measurelv, = 12 m/s, yields

yexp—2y*/o3), (2)
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Uy = 6.2 meV. This agrees with the calculated valueas well as the careful reading of the manuscript by
(Ug = 10 meV) within experimental uncertainty in mea- M. Drewsen.
suring the pulse duration, energy, focal properties, and the
longitudinal velocity of the C&molecules.
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